Cannabis use is a hypothesized gateway to subsequent abuse of other drugs such as heroin. We currently assessed whether D-9-tetrahydrocannabinol (THC) exposure during adolescence modulates opiate reinforcement and opioid neural systems in adulthood. Long-Evan male rats received THC (1.5 mg/kg intraperitoneally (i.p.)) or vehicle every third day during postnatal days (PNDs) 28-49. Heroin self-administration behavior (fixed ratio-1; 3-h sessions) was studied from young adulthood (PND 57) into full adults (PND 102). THC-pretreated rats showed an upward shift throughout the heroin self-administration acquisition (30 mg/kg/infusion) phase, whereas control animals maintained the same pattern once stable intake was obtained. Heightened opiate sensitivity in THC animals was also evidenced by higher heroin consumption during the maintenance phase (30 and 60 mg/kg/infusion) and greater responding for moderate-low heroin doses (dose-response curve: 7.5, 15, 30, 60, and 100 mg/kg/injection). Specific disturbance of the endogenous opioid system was also apparent in the brain of adults with adolescent THC exposure. Striatal preproenkephalin mRNA expression was exclusively increased in the nucleus accumbens (NAc) shell; the relative elevation of preproenkephalin mRNA in the THC rats was maintained even after heroin self-administration. Moreover, m opioid receptor (mOR) GTP-coupling was potentiated in mesolimbic and nigrostriatal brainstem regions in THC-pretreated animals. mOR function in the NAc shell was specifically correlated to heroin intake. The current findings support the gateway hypothesis demonstrating that adolescence cannabis exposure has an enduring impact on hedonic processing resulting in enhanced opiate intake, possibly as a consequence of alterations in limbic opioid neuronal populations.
INTRODUCTION
Marijuana (Cannabis sativa) is the illicit drug most frequently used by teenagers; as much as 15-20% of 16 year olds in the USA and several European countries report cannabis use during the past month (Hibell et al, 2004; SAMHSA, 2004) . The USA population survey also showed that those who started using cannabis at the age of 14 or younger had a higher percentage of present illicit drug abuse or dependence than those starting at an older age (SAMHSA, 2004) . The adolescent brain is particularly sensitive to external and internal variables, such as drug exposure, environment, and gonadal hormones, since there are active neural changes in, for example, synapse formation and elimination, brain areas essential for behavioral and cognitive functions (Charmandari et al, 2003; Rice and Barone, 2000) . Consequently, cannabis exposure during the adolescent period may increase the vulnerability to neuropsychiatric and drug abuse disorders. Clinical evidence has confirmed such links. Early-onset cannabis use increases the risk of developing schizophrenia (Arseneault et al, 2002; Fergusson et al, 2003; van Os et al, 2002) as well as a worsen course of the disorder (Green et al, 2004; Veen et al, 2004) . Several epidemiological studies report that early regular use of cannabis increases the risk of initiation of the use of other illicit drugs (Agrawal et al, 2004; Fergusson and Horwood, 2000; Lynskey et al, 2003; Yamaguchi and Kandel, 1984) , supporting the cannabis gateway hypothesis of cannabis as a steppingstone toward abuse of other drugs. Whether there is or not a causal relationship between cannabis use and the progression to the use of other illicit drugs has been heavily debated over the last decades. Apparent links could be noncausal given that the same characteristics may cause vulnerability to use cannabis as other illicit drugs, that is, genetic predisposition, peer-pressure, drug availability and risk-taking behavior (e.g. Hall and Lynskey, 2005; MacCoun, 1998) . However, the associations could also reflect actual neurobiological disturbances to early cannabis exposure that makes individuals more vulnerable to the reinforcing effects of other drugs. The multifactorial confounds of the 'gateway' phenomena have made it difficult to make definitive causal links between cannabis use and subsequent abuse of other illicit drugs. One strategy to evaluate directly the relationship of prior cannabis experience with specific drugs independent of cultural, social, and moral factors is the use of experimental animal models.
Converging lines of evidence indicate strong interactions between the cannabinoid and opioid systems. For example, animals lacking the type-1 cannabinoid receptor (CB 1 ; mediates the neural actions of cannabinoids) gene do not self-administer heroin Ledent et al, 1999) or develop morphine-induced conditioned place preference. Acute administration of D-9-tetrahydrocannabinol (THC; psychoactive component of cannabis) elevates b-endorphin and enkephalin peptide levels in the ventral tegmental area (VTA; (Solinas et al, 2004b) and nucleus accumbens (NAc; (Navarro et al, 2001) , key neuroanatomical substrates for reward (Everitt and Wolf, 2002; Koob, 1992) . Moreover, CB 1 and m opioid receptors (mORs; mediates heroin's actions) are localized on similar neurons in the striatum and VTA, which modulate reward and motor behaviors (Pickel et al, 2004; Rodriguez et al, 2001) .
Owing to the strong interactions between the cannabinoid and opioid systems, the current study was designed to test the hypothesis in an experimental animal model that adults exposed during adolescence to cannabis have altered opioid-related neural functions and enhanced behavioral susceptibility to opiates. Since teenagers normally progress to the use of other illicit drugs as young adults, the effects of adolescent THC exposure were examined starting at a comparable developmental period in rats (postnatal day (PND) 57) and extending into full adulthood.
MATERIALS AND METHODS

Animals
Male Long-Evan rats (21 days old) were obtained from M&B Taconic, USA. They were housed in a temperature-controlled environment on a reversed 12-h light/dark cycle (lights off at 1100 hours) with ad libitum access to food and water. The rats were allowed to acclimate in their new environment and were handled daily for 1 week before the start of the experiment. All animal experiments were performed in accordance with the guidelines of The Swedish National Board for Laboratory Animals under a protocol approved by the Ethical Committee of Northern Stockholm, Sweden.
Drugs
THC (10 mg/ml in ethanol solution; Sigma-Aldrich, Sweden) was evaporated under nitrogen gas, dissolved in 0.9% NaCl with 0.3% Tween 80, and administered intraperitoneal (i.p.) in a volume of 2 ml/kg. Heroin HCl (Apoteket AB, Sweden) was dissolved in 0.9% NaCl and administered intravenously at a volume of 85 ml/infusion. Rimonabant (also known as SR 141716A; Sanofi-Aventis) was dissolved in 0.9% NaCl and administered i.p. in a volume of 2 ml/kg.
Adolescent Cannabis Exposure
The rats were exposed to THC (1.5 mg/kg. i.p.) or vehicle (0.9% NaCl with 0.3% Tween 80) during PNDs 28-49 to extend beyond the prototypic adolescent period (days 28-42), which starts around 10 days before puberty and ends a few days after (Spear, 2000) , into mid-adolescence (Andersen, 2003) . In order to mimic the intermittent use seen in teenagers, the drug was given once every third day; this resulted in a total of eight injections. One week after the last injection, heroin self-administration (outlined below) was initiated in one set of animals and brains were taken in another group of rats for post-mortem studies. The low-moderate dose of 1.5 mg/kg was chosen since our pilot studies showed that it had no significant effect on locomotor activity and did not induce catalepsy in adolescent animals (data not shown).
Intravenous Heroin Self-Administration
One day after the last THC (n ¼ 6) or vehicle (n ¼ 6) injection, intravenous catheters (Brian Fromant, Cambrige, UK) were implanted into the right jugular vein under isoflurane (Isofluran Baxter, Apoteket AB, Sweden) anesthesia. During the first 3 days of recovery, the catheters were flushed with 0.1 ml of a saline solution containing 10 U heparin (Heparin LEO, Apoteket AB, Sweden) and ampicillin (50 mg/kg; Doctacillin, Apoteket AB, Sweden). During this period, the rats were also given the analgesic carprofen (0.5 mg/kg s.c.; Rimadyl vet, Apoteket AB, Sweden). From the fourth day, the catheters were flushed with 0.1 ml of saline containing 30 U heparin. This was also carried out before and after all self-administration sessions. One week after the last THC or vehicle injection, on PND 57, the rats were introduced to the self-administration paradigm during daily 3 h sessions on a fixed ratio-1 (FR-1) schedule of reinforcement. The self-administration sessions were carried out within the first 6 h of the dark phase of the light/dark cycle. The self-administration equipment (MED Associates Inc., Vermont, USA) was programmed such that when the active lever was depressed a drug infusion was delivered (85 ml over 5 s) and a 10 s time-out period was initiated where both levers were retracted and a white stimulus light situated above the active lever was turned on; a dim red house light was on during the entire session. Depression of the inactive lever had no programmed consequences, but was recorded by the software (MedPC IV, MED Associates Inc., Vermont, USA). Drug selfadministration was continuous with no drug-free periods during the acquisition and maintenance phases. THC and vehicle-pretreated rats were processed simultaneously throughout all phases of the self-administration procedure. The animals were first trained to self-administer intravenous infusions of 15 mg/kg heroin. After 6 days, the dose of heroin was increased to 30 mg/kg/infusion and the rats received one priming infusion at the start of the following 1-4 sessions, until they started to press on their own. The rats were food-restricted (20 g food pellets/day) during the acquisition phase that continued for 14 days at the 30 mg/kg/infusion dose. Stable self-administration behavior was defined as a minimum of 10 respondings on the active lever and at least a 2:1 ratio in active:inactive lever presses for three consecutive sessions. Following a 3-day maintenance period at 30 mg/kg/infusion FR-1 schedule, a between-session dose-response test was initiated (30, 7.5, 100, 15, and 60 mg/kg/infusion heroin; one dose per day).
Subsequently, the rats were kept on a maintenance heroin dose of 60 mg/kg (which reliably maintained heroin intake behavior) FR-1 schedule and the effects of acute pretreatment (20 min before the session start) with the CB 1 antagonist Rimonabant (0.3, 1.0, and 3.0 mg/kg i.p.) was evaluated. Finally, heroin-seeking behavior was studied using a paradigm where the number of responses on the active lever were counted but had no programmed consequences; no heroin was delivered or cue light presented during this session. The effect of acute pretreatment with Rimonabant (3.0 mg/kg i.p.) on heroin-seeking behavior was also determined. Stable heroin intake behavior was established for at least 3 days prior to all behavioral or pharmacological manipulations. Twenty-four hours after the last heroin self-administration session, rats were killed as described below and brains were processed for postmortem studies.
Post-Mortem Brain Studies
Brain section preparation. Rats were anesthetized in a CO 2 chamber and decapitated. Brains were quickly removed, frozen in isopentane (EÀ301C) for 1 min, and stored at À801C until cutting. Coronal sections (20 mm thick) of the striatum and midbrain were cut in a refrigerated cryostat (À151C; Frigocut 2800E, Leica Instruments, Nobloch, Germany) according to Paxinos and Watson Rat Atlas (1997) and mounted onto Superfrost Plus slides (Brain Research Laboratories, Newton, MA, USA). The sections were stored at À301C until processed as described below.
In situ hybridization. The PENK mRNA probe was complementary to a 333 kb fragment of the rat PENK cDNA (291-624 bp, GenBank accession number Y07503). The RNA probe was transcribed in the presence of [
35 S]uridine5 0 -(a-thio)triphosphate (specific activity 1000-1500 Ci/mmol; New England Nuclear, Boston, MA, USA). Chemicals used in the hybridization procedure were mainly purchased from Sigma-Aldrich (MO, USA) and enzymes from Invitrogen (CA, USA). The in situ hybridization histochemistry procedure was similar to published protocols (Hurd et al, 2001) . Briefly, the labeled probe was applied to the brain sections in a concentration of 2 Â 10 3 c.p.m./mm 2 of the coverslip area. Two adjacent sections from each subject were studied. Hybridization was carried out overnight at 551C in a humidified chamber. After in situ hybridization, the slides were apposed to b-max Hyperfilm (Amersham, Bucks, UK) along with 14 C-standards (American Radiolabelled Chemicals, St Louis, MO, USA). Slides were rinsed four times for 10 min each in the preincubation buffer at 251C and then twice in cold distilled water. Slides were dried overnight and exposed to b-max Hyperfilm for 14 days. ]-DAMGO binding was carried out in order to examine whether THC pretreatment altered mOR density. Slide-mounted brain sections were preincubated at 251C for 15 min in 50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1% BSA, and briefly washed three times in 50 mM Tris (pH 7.4). mOR binding sites were labelled by incubating sections for 1 h at 251C in the presence of 2 nM [ 3 H]-DAMGO (Perkin-Elmer, Life Science Inc.). Nonspecific binding was defined in the presence of 1 mM naloxone. After incubation, slides were rinsed three times for 5 min each in the ice-cold incubation buffer, dipped in ice cold distilled water, dried overnight, and placed in a b-Imager (Biospace Mesures, France), which allows direct on-line beta emission quantification.
Agonist-stimulated [ 35 S]GTPgS autoradiography. WIN 55,212-2-and DAMGO-induced [
35 S]GTPgS stimulation was measured in order to asses whether THC pretreatment altered CB 1 and mOR receptor function, respectively. Brain sections were rinsed in binding buffer (50 mM Tris-HCl, 3 mM MgCl 2 , 0.2 mM EGTA, 100 mM NaCl, pH 7.4) at 251C for 10 min, followed by a 15 min preincubation in binding buffer containing 2 mM guanosine D phosphate (GDP) at 251C. Sections were then incubated in binding buffer with 2 mM GDP, 100 mM DTT, 0.04 nM [ 35 S]GTPgS (specific activity 1099 Ci/mmol; Amersham Biosciences, England, UK) and appropriate agonists at 251C for 2 h. Agonists used were as follows: 3 mM DAMGO (Sigma-Aldrich, MO, USA) and 10 mM WIN 55,212-2 (Sigma-Aldrich, MO, USA). Incubation solutions with WIN 55,212-2 contained 0.5% (wt/vol) BSA (fatty acid-free). Nonspecific binding was determined in the absence of the agonist and in the presence of 10 mM unlabeled GTPgS. After incubation, the slides were rinsed twice (2 min), in cold Tris buffer (50 mM Tris-HCl, pH ¼ 7.4) and subsequently in cold distilled water. The slides were dried overnight and exposed to film for 24 h along with 14 C-microscales (Amersham Bucks, UK).
Data analyses. 
Statistical Analysis
Data were analyzed with one-or two-way analysis of variance (ANOVA) with repeated measures, followed by planned comparisons and Bonferroni correction for multiple comparisons when appropriate. Statistical significance was set as po0.05 and trends considered for po0.10.
RESULTS
Adolescent THC exposure did not affect the body weight of the rats. The THC-and vehicle-exposed rats increased 136.774.2 and 142.377.5 g in body weight, respectively, during the 21-day pre-exposure period (no significant group difference; (F(1,10) ¼ 0.50, p ¼ 0.49)).
Heroin Self-Administration
Acquisition. None of the rats acquired self-administration at the heroin dose of 15 mg/kg/infusion during the time period studied. When the dose was increased to 30 mg/kg/ infusion and in combination with modest autoshaping (one drug prime and food restriction), all animals acquired self-administration behavior. One rat in the vehicle group developed a blocked catheter during the acquisition period and was excluded from the remainder of the study. There was a significant effect of self-administration session (F(12,96) ¼ 54.94, po0.000001) and pretreatment Â session interaction (F(12,96) ¼ 8.29, po0.000001) for heroin intake behavior (active lever presses) during the 30 mg/kg/infusion acquisition phase. Vehicle-exposed animals reached stable heroin self-administration behavior at day 6 of acquisition, which was maintained throughout the remainder of the acquisition phase (Figure 1 ). Although THC pre-exposed animals had met the acquisition criteria at approximately day 7, a stable intake pattern was not maintained. All THC-pretreated rats continued to shift their heroin intake upward over the course of the acquisition phase stabilizing eventually at approximately 25 total responses as compared to 15 total responses in the control animals by the end of the acquisition phase.
Dose Response
As illustrated in Figure 2 , the between-session doseresponse experiment (7.5-100 mg/kg/infusion) confirmed a higher response and intake of heroin in THC-exposed rats. Two-way ANOVA with repeated measures showed a significant overall effect of pretreatment (F(1,7) ¼ 7.10, po0.05), dose (F(4,28) ¼ 35.72, po0.000001), and dose Â pretreatment (F(4,28) ¼ 0.59, p ¼ 0.0174). Post hoc planned comparisons revealed that THC-exposed rats had a tendency toward higher intake at 7.5 mg/kg/infusion (p ¼ 0.057) and significantly higher intake at 30 mg/kg/ infusion (po0.01) as well as 60 mg/kg/infusion (po0.05).
Maintenance. During maintenance phases at both 30 and 60 mg/kg/infusion, rats exposed to THC during adolescence had a higher level of responding ( Figure 3) ; there was a significant group difference in total intake over 4 days of stable responding at 30 mg/kg/infusion (F(1,9) ¼ 5.61, po0.05)) and 60 mg/kg/infusion (F(1,8) ¼ 9.26, po0.05)).
CB 1 antagonism. Administration (30 min before the session) of the CB 1 antagonist Rimonabant (0.3, 1.0, and 3.0 mg/kg i.p.) was carried out to determine acute cannabinoid effects on heroin intake behavior. No difference in heroin selfadministration was observed dependent on the THC pretreatment, but there was a significant overall dose effect Heroin-seeking behavior. Figure 5 shows the data obtained from the drug-seeking behavioral test using a paradigm where the number of responses on the active lever were counted but had no programmed consequences; no heroin was delivered during this session and no cue lights were presented. There was an overall significance of selfadministration paradigm (F(2,16) ¼ 45.31, po0.000001) as well as paradigm Â pretreatment interaction (F(2,16) ¼ 3.63, po0.05). Post hoc Bonferroni corrections revealed a significant increase in the number of responses during the drug-seeking paradigm in both the vehicle-(po0.0001) and THC-(po0.05) exposed group. Vehicle-exposed animals had a higher percent increase than the THC-pretreated rats in the number of active lever responses (328758.3 vs 151713.6%; po0.05); the vehicle group also had a higher number of inactive lever presses (21.474.4 vs 6.272.8; po0.05). Rimonabant (3.0 mg/kg) administration before the drug-seeking session decreased the number of responses markedly in both the vehicle, po0.001) and THC (po0.001) subjects ( Figure 5 ). There was, however, no difference Heroin-seeking behavior (responding on the active lever in the absence of expected drug delivery; no cue light presentation) in THC-(n ¼ 5) or vehicle-(n ¼ 5) exposed rats with and without acute Rimonabant pretreatment prior to the self-administration session. *po0.05; ****po0.0001 as compared to baseline. + + + po0.001 vs drug-seeking paradigm without Rimonabant pretreatment.
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CB 1 Receptor Density and Function
Preproenkephalin mRNA Expression
PENK, the propeptide precursor gene of the endogenous opioid enkephalin, was studied in the striatum; PENK mRNA is not expressed in the VTA or substantia nigra. Adolescent THC exposure was found to significantly increase PENK mRNA expression levels in the NAc shell (F(1,8) ¼ 17.21, po0.01) of young adult rats (PND 57) (Figures 6 and 7) . THC-exposed rats also expressed significantly higher levels of PENK mRNA expression in the NAc shell (F(1,5) ¼ 25.67, po0.01) as compared to the vehicle-pretreated rats even after approximately 45 days of heroin self-administration.
Correlation between Behavior and Neurochemical Measurements
A significant correlation was found between the heroin selfadministration behavior (total number of active lever presses) exhibited on the last day of testing and the DAMGO-stimulated [ 35 S]GTPgS binding measured in the NAc shell (Spearman's correlation r ¼ 0.7563, po0.05). There was also a significant correlation between heroin intake behavior and the CB 1 receptor binding in the substantia nigra (r ¼ 0.7306, po0.05). No other markers showed a significant correlation with the behavioral measures. Animals were studied at postnatal day 57, a time period when heroin selfadministration was initiated in the behavioral study, and after approximately 45 days of heroin self-administration. Data are expressed as mean7SEM. *po0.05 as compared to vehicle control; ND, not detectable. Animals were studied at postnatal day 57, a time period when heroin self-administration was initiated in the behavioral study, and after approximately 45 days of heroin self-administration. Data are expressed as mean7SEM.
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DISCUSSION
The present study provides evidence that adolescent exposure to THC increases opiate self-administration in adulthood and that this is associated with discrete alterations of the endogenous opioid system in limbic-related neuronal populations known to mediate reward behavior. The periodic exposure to low-dose THC during adolescence did not appear to predispose animals to an increased sensitivity to initiate heroin self-administration. However, THC-pre-exposed subjects continued to shift their heroin intake upward during the acquisition period, whereas control animals maintained stable levels of drug selfadministration behavior. A significant impact of adolescent THC exposure continued to be evident even following acquisition given that THC animals (1) responded more for heroin at moderate to low doses and (2) had higher intake during the drug maintenance phase throughout the course of the experiment. The self-administration behavior demonstrated by the THC-pre-exposed animals would predict an enhanced risk for subsequent drug dependence considering that the switch from stable, controlled heroin intake to uncontrolled drug use that characterizes drug dependence is usually potentiated by increased heroin consumption over time (Ahmed et al, 2000) .
It is difficult in rat models to discern the affective state of the animals and to establish definitively whether increased drug intake reflects increased drug liking/wanting (the FR-1 reinforcement schedule currently used does not dissociate drug 'liking' or 'wanting') or blunted reinforcement that could lead to compensated higher drug intake. Increased heroin intake on the descending limb of the dose-response curve (as the doses presently studied (Martin et al, 1998) has, however, been hypothesized to reflect a decrease in reward function (Ahmed and Koob, 2005) . This allostatic hedonic hypothesis (Koob et al, 1997; Koob and Le Moal, 2001) would suggest that animals with adolescent THC exposure have an underlying hedonic deficit that is alleviated by increased heroin use. While this hypothesis is reasonable, it does not appear to fully account for why a hedonic deficit did not enhance initiation of heroin selfadministration behavior in the THC animals. It is possible that the potential hedonic deficit to the previous THC exposure is moderate and/or only becomes evident when the system is forced to adjust as, for example, during stress or repeated drug administration that requires self-regulatory control. The fact that THC-pre-exposed animals continued to shift their heroin intake to higher levels during the acquisition period would suggest different hedonic set points during early experience with heroin as compared to control animals. An alternate, although not mutually exclusive, hypothesis to a hedonic impairment in the THC-pretreated animals is that THC exposure increased the incentive motivation, that is, sensitization of craving (Robinson and Berridge, 2001) , thereby leading to increased heroin intake. Our experiment showed that in the absence of heroin and associated cues, both THC and vehiclepretreated rats had similar elevated rates of responding on the active drug lever. Although the vehicle-exposed rats showed a higher percent increase in active responses than the THC rats, the behavior was not discriminative to the active lever since the control rats also had a higher increase in responding on the inactive lever. Using a progressive ratio self-administration paradigm, Solinas et al (2004a) showed that adult exposure to THC does not alter the incentive value of heroin even though the rats increased heroin intake. There may of course be differences in the incentive value of heroin in association with adolescent as compared to adult THC exposure, so altered motivation to self-administer the drug in a progressive ratio paradigm cannot be completely excluded.
The endogenous opioid neuropeptide most associated with regulating hedonic state is enkephalin (Skoubis et al, 2005) , and the NAc (in particular the shell division) is the most limbic-related striatal subregion tightly coupled with reward behavior (Everitt and Wolf, 2002; Koob, 1992) . The selective enhancement of PENK mRNA expression in the NAc shell could potentially underlie the altered heroin Proenkephalin mRNA expression levels (expressed as d.p.m./ mg; mean7SEM) in the caudate-putamen (C-P), nucleus accumbens (NAc) core, and NAc shell of adult rats with adolescent exposure to THC or vehicle. The data represent animals at the time point (PND 57) corresponding to the start of heroin self-administration and animals that had self-administered heroin for approximately 45 days (n ¼ 4-6). **po0.01 as compared to respective vehicle control.
Adolescent THC alters opioid system in adulthood M Ellgren et al intake behavior evident in THC-exposed animals. The discrete THC-induced impairment of NAc PENK appears to be unique since alterations of the enkephalin system associated with repeated intake of other substances of abuse (Uhl et al, 1988) or highly rewarding food (Kelley et al, 2003) is normally widespread throughout the striatum. The apparent relative enhancement of NAc shell PENK gene expression in THC animals even after repeated opiate exposure, which generally decreases PENK transcription (Georges et al, 1999; Uhl et al, 1988) , suggests a persistent disturbance of the enkephalin reward system with early THC exposure. Long-term disturbance of the PENK system appears a common feature of early THC exposure since we have recently observed a similar selective increased PENK mRNA expression in the NAc of adult offspring with THC exposure limited to the prenatal period; these animals also showed increased heroin intake (Spano et al, 2006) . THC stimulates CB 1 receptors, which similar to mORs, are coupled to Gi/o G-proteins (Pertwee and Ross, 2002 ) that should inhibit PENK transcription. Thus, increased PENK mRNA expression following the drug-free period into adulthood could reflect an allostatic response to counteract a potential downregulation of the PENK during THC exposure. There are still very few publications regarding THC effects on opioid neuropeptide transcription, especially in relation to drug exposure during development. Of these studies, Perez-Rosado et al (2000) did report reduced PENK mRNA expression during the prenatal period in THC-exposed fetuses, but this finding was only evident in the dorsal striatum. Time-course experiments following THC exposure are needed to validate the hypothesis that allostatic changes in PENK characterize distinct phases of THC exposure and related hedonic states. In addition to selective disturbance of PENK, adolescent THC exposure was also associated with specific alteration of the mOR function. mOR coupling was significantly increased in the VTA and substantia nigra of the THC animals as young adults. Such alteration in the mOR coupling would be expected to potentiate dopamine levels in forebrain areas such as the NAc and caudate-putamen, considering that stimulation of these midbrain receptors would disinhibit the inhibitory GABAergic regulation on dopamine cell firing (Johnson and North, 1992) . The potential involvement of the dopamine system in regulating the long-term effects of THC should be directly addressed in future studies with the current animal model, but studies in the literature have already substantiated enhanced striatal dopamine levels following THC administration (Malone and Taylor, 1999; Tanda et al, 1997) . Interestingly, heroin intake behavior was directly correlated with agonist activation of the mOR GTP coupling and this observation was specifically localized to the NAc shell. These findings continue to substantiate an important role of the NAc mOR in heroin reinforcement.
There was no evidence of marked disruption of the CB 1 receptor binding or coupling in the young adult rats with adolescent THC exposure in the current study, which is consistent with the observations that early alterations in CB 1 receptor binding associated with repeated cannabinoid agonist administration generally normalize over time (Romero et al, 1998) . There was, however, a significant positive correlation between the CB 1 binding in the substantia nigra and heroin intake behavior. Increased CB 1 binding in this brainstem region would, similar to mORs described above, result in enhanced dopamine tone in the striatum. The correlation between the CB 1 receptor and heroin self-administration underscores the significant functional interactions between the cannabinoid and opioid systems. In line with previous studies, we also confirmed an acute pharmacological regulation of cannabinoid receptor modulation of opiate self-administration behavior (Caille and Parsons, 2003; Navarro et al, 2001; Solinas et al, 2003) . Blockade of the CB 1 receptor with Rimonabant (at the 3 mg/ kg dose) inhibited heroin consumption, but there was no altered sensitivity in the THC-exposed rats, perhaps reflective of the lack of CB 1 receptor alterations. Interestingly, the greatest effect of CB 1 receptor blockade was with the attenuation of heroin-seeking behavior. These findings add to the growing evidence that Rimonabant could potentially serve as a treatment for heroin abuse where medication relevant for attenuating drug-seeking and relapse is of significant clinical value.
In summary, the current findings provide direct evidence in support of the gateway hypothesis that adolescent cannabis exposure contributes to greater heroin intake in adulthood. It is important to emphasize that our study does not exclude the contribution of other factors such as genetics, environment, and social issues that could influence the direct neurobiological effects of early THC exposure to either enhance or attenuate the progression to adult drug abuse. Systematic evaluation of these variables is needed to gain greater insight into apparent cannabis gateway effects on adult drug abuse vulnerability. Overall, the present study confirms a neurobiological convergence of the cannabinoid and opioid systems that is apparent on behavioral and molecular levels, suggesting altered hedonic processing in PENK and m opioid limbic systems in association with enhanced heroin intake as a consequence of early THC exposure.
